MT study. The sediments beneath Sanchore, Patan and Mehsana sub-basins are much thicker and comparatively less thicker over Diyodar and Tharad ridges. The resistive blocks on the western margin of CRB represent igneous intrusives whereas on eastern margin, they indicate the Precambrian formations of the Aravalli-Delhi fold belt. The electrical resistivity variations across these basins infer that the subsurface structure is highly heterogeneous in nature, due to the faults within the rift basins. Thus the results of our MT study together with other geophysical studies and well data, may further refine the sediment thickness estimates across the rift basins. 17 . Seshu, D., Rama Rao, P. and Naganjaneyulu, K., Threedimensional gravity modeling of Kutch region, India. The regular monitoring of glaciers is important to determine their retreating rate and mass balance for overall glacier health. Chaturangi glacier, a major inactive tributary of the Gangotri glacier system was selected for the present study due to its dynamic nature and also because there are no previous records of its retreating rates. In order to reconstruct past retreating rates, total area loss, volume change and shift in snout position were measured through multi- 3 ; so it is important to monitor them regularly. The past terminus position of the glacier can be reconstructed from satellite imageries and terminal moraines 4 . To monitor the glacier length, area, snout position, volume and equilibrium line altitude (ELA), remote sensing technique can provide useful information 5 . Since the past few decades, remote sensingbased approach has been widely used for mapping glaciers utilizing various multi-temporal and multispectral data. This method allows monitoring of glaciers and has the ability to recognize the past retreating trends. The ground-based method is another technique for the estimation of glacial retreat. In this technique the geomorphological evidences and global positioning system (GPS) survey method are used to determine the retreating rate of a glacier 4 . Surveying glacier terminus using GPS is a straightforward and effective method to determine the actual retreating rate. The mapped terminus position by differential global positioning system (DGPS) over time provides a record of change in length, area and volume of the glacier 6 . Many tributary glaciers of the Gangotri glacier system are in withdrawing stage, while some are in disappearing stage. Several studies were conducted on the Gangotri glacier to estimate its recession by groundbased method 7, 8 and satellite imageries 9, 10 , while few studies were published about recession of its tributary glaciers 11 . To the best of our knowledge, there have been no attempts made earlier to measure the retreating rate of Chaturangi glacier, either by satellite data or groundbased methods. Only hydrochemical analysis of glacier melt water was carried out in the Chaturangi glacier region 12 . Therefore, the present study focuses on the Chaturangi glacier, which is one of the longest inactive tributary glaciers (not connected with the main trunk) of the Gangotri glacier system. This glacier has been selected for the present study because of its more dynamic nature and unknown recession rate. The main objective of this study is to reconstruct the snout position, temporal changes in areal extent and volume loss using multi-temporal satellite imagery and DGPS-derived data. Another objective is to compare the results obtained from both the methods, i.e. satellite-based monitoring and kinematic GPS-based study.
The Chaturangi glacier lies between 30°54′08″-30°54′28″N and 79°15′19″-79°6′18″E, in the Uttarkashi district, Uttarakhand, India (Figure 1 To obtain past position of Chaturangi glacier snout, retreating rate, total area and volume loss, multi-temporal satellite imageries (Landsat TM 1989, Landsat ETM + PAN 1999, IRS LISS III 2009 and Landsat Sentinel 2016) were downloaded (http://earthexplorer.usgs.gov/; http://bhuvan.nrsc.gov.in/), processed and geo-rectified using ERDAS imagine (ver. 14) and Arc GIS (ver. 10.2) software. Table 1 provides the comprehensive details of multi-temporal and multi-spectral satellite data acquired in cloudless condition (October and November). The registration error calculated while registering the images 1989 (Landsat TM), 1999 (Landsat ETM + PAN) and 2009 (LISS III) to base image 2016 (Landsat Sentinel) was 0.6 pixel or 6 m, 0.4 pixel or 4 m and 0.5 pixel or 5 m respectively. In order to assess positional accuracy in results, the uncertainty was calculated using the formula 14 2 2 reg
where a1 is the spatial resolution of image 1, a2 the spatial resolution of image 2 (base image) and E reg is the image registration error. Hence, the uncertainty for 1989 Landsat TM data can be estimated as follows 2 2 (30) (10) where U area is the uncertainty in area, e the terminus uncertainty and V is the spatial resolution of the satellite image. The volume of the glacier was calculated as a product of glacier area and thickness. The thickness of the glacier was measured using DGPS elevation difference at the top and bottom of the snout. The total loss of glacial volume is a sum of loss caused by border shrinking and fall in surface level 15 . The volume loss is calculated using hybrid method 15 , where area loss is measured through satellite imageries and surface lowering is measured through stake survey (Figure 2 d) . A total of 14 stakes were emplaced on the glacier surface up to 4 km upstream with the help of ice-drilling machine (Figure 2 e) , and the annual monitoring of these stakes through tape measure and DGPS. The annual retreating rate of the glacier snout was also delineated through kinematic GPS survey during 2015-16. In this method, a pair of Leica SR520 GPS receivers and AT502 antenna were used. One antenna was mounted on a solid bed rock located off the glacier with one receiver and another as a rover with moving antenna. In the rover survey, terminus of the glacier was mapped by walking along the snout with the GPS receiver at the nearest possible track, 1-4 m distance from the glacier snout to avoid accidents from ice and debris fall (Figure 2 f ) . This prefixed distance was considered during the processing of data. The generated raw data were processed using Leica SKI-PRO 3.0 software and position coordinates were presented in the form of WGS 84 coordinate system. The results obtained from long-term satellite imageries and DGPS were used to determine the past position of snout, retreating trend and temporal changes in area of the glacier (Figures 3 and 4) . The satellite-based remote sensing study suggests that the Chaturangi glacier has retreated 1172.57 ± 38. Table 2) . Reconstruction of the past snout position and cumulative retreating trend clearly showed that the retreating rate of the Chaturangi glacier was higher (48.29 ± 4.36 m/year) during the initial period, i.e. 1989-99, when it started detaching from the main trunk, lower Table 2 ). The area derived from the satellite data showed that the Chaturangi glacier exhibited loss up to 0.59% ( (Table 2 ). These temporal fluctuations in retreating rate, area and volume loss of the glacier may be attributed to variation in climatic conditions, and behaviour of the summer and winter monsoons 16, 17 . The average annual error in satellite-derived results varied from ± 3.77 to ± 4.81 m/year for different sensors. The co-registration errors and low spatial resolution were the main cause of errors in the glacier mapping through satellite data 18 . In addition, some unavoidable factors like snowfields, debris cover and refreezing of water bodies also affected the accuracy 19 . The accuracy varied for different sensors, as sensors with spatial resolution 79 m (Landsat MSS), 30 m (Landsat TM), 5.8 m (LISS IV) and 2.5 m (Cartosat-1) showed uncertainty up to 40, 20, 15 and 10 m respectively 20 . The results derived from kinematic GPS survey during two consecutive years, viz. 2015 and 2016 showed that the average annual retreating rate of the glacier was around 22.84 ± 0.05 m/year (Table  3) , while it was 59.9 ± 4.81 m/year for the same duration calculated from satellite data. The retreating rate of snout measured by satellite data was more than twice the GPSderived result, which is considered more accurate due to its higher precision. The retreating trend and shape of the snout constructed using DGPS points clearly reflect a higher recession of 43.59 ± 0.05 m in the central part and lower recession of 4.88 ± 0.04 m in the southern flank ( Figure 5) . A close examination of these results shows that the southern flank of the snout has retreated less than the northern flank (36.34 ± 0.07 m). The southern flank of the glacier is retreating less probably because of the combination of three factors: (i) The glacial portal (ice cave from which the river originates) is present in the northern side of the snout, due to which subsidence of ice mass in the northern side is relatively higher than the southern side. (ii) Presence of debris on the surface of the glacier can significantly reduce its melting rate 21 . The southern flank of the Chaturangi glacier is thickly covered with debris than the other parts due to which there is 22 . In case of the Chaturangi glacier, the northern flank of the snout joins the southern slope and the southern flank joins the northern slope due to which there is less melting in the southern flank. A similar pattern of retreat has also been reported from a previous study on the Gangotri glacier 8 . A major loss of glaciated areas was also reported from the northern slope of Garhwal Himalayas 23 driven by solar insolation 24 . The variability in retreating rate is not only controlled by climate change but is also governed by glacier size, type, topographic setting 19 and debris cover. The retreating rate of the Chaturangi glacier (22.84 ± 0.05 m/year) is higher than the Gangotri glacier (12.10 ± 0.04 m/year) 8 because of its smaller size (smaller relative to the Gangotri glacier) and fast response time to climatic variability 25 . A GIS-based study, supported by remote sensing data and DGPS survey was used to determine temporal changes in areal extent of glacier and shift in the snot position. Both methods have their own advantages and disadvantages. For example, in situ measurements of glaciers year after year using DGPS are logistically difficult and costly, but provide precise retreating rate. Whereas satellite data provide a bird's eye view of the whole glacial body, from which we can easily calculate the area and delineate the glacial catchment boundaries. The shortcoming of this approach is its uncertainty; even the Cartosat, 2.5 m resolution has an uncertainty of 10 m (ref. 20) . Another constraint of using satellite data is separation between stagnant glacier ice and active debriscovered ice, which is challenging during glacier terminus mapping 20 . The presence of ice blocks in front of the snout after its disintegration sometimes creates a problem in identifying the actual snout position through satellite. The present study concludes that remote sensing method is suitable for large area and long-term study, while kinematic GPS is more appropriate for the annual monitoring of retreating rate of individual glacier snout. Both the studies performed individually are not sufficient to compute the actual retreating rate; however, a combination of both can provide significant insights into such studies with better interpretation of the results. Therefore, the choice of using both the approaches depends upon the objective of the study. The present study also emphasizes on mapping of all the tributary glaciers in order to assess the overall changes in the main glacier system and its health.
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